Multilayer ferroelectric and ferromagnetic thin films were fabricated with the following composition and structure: La 0.67 Sr 0.33 MnO x /͑Pb, La͒͑Ca, Ti͒O 3 ͑LSMO/PLCT͒ and ͑Pb, La͒͑Ca, Ti͒O 3 /La 0.67 Sr 0.33 MnO x ͑PLCT/LSMO͒, with an intention of creating a device of new concept. The films were fabricated using metalorganic deposition. The LSMO/PLCT structured films exhibit the ferroelectric properties while the PLCT/LSMO structured films exhibit the ferromagnetic properties. Compared with the PLCT/Pt structure, the capacitance-frequency and tan ␦-frequency properties of the LSMO/PLCT structure are degraded. The magnetoresistance of the PLCT/LSMO structure was measured and the results show that the metal-insulator transition temperature is lower than that of the LSMO/SiO 2 /Si structure. Furthermore, the magnetoresistance at 77 K and at the transition temperature for the PLCT/LSMO structure is higher than that of the LSMO/SiO 2 /Si structure. These effects can be explained by the piezoelectricity of the PLCT film deposited on the LSMO layer. In addition, these effects demonstrate that the ferromagnetic properties can be controlled by the ferroelectric properties of the multilayer films.
The films were fabricated using metalorganic deposition. The LSMO/PLCT structured films exhibit the ferroelectric properties while the PLCT/LSMO structured films exhibit the ferromagnetic properties. Compared with the PLCT/Pt structure, the capacitance-frequency and tan ␦-frequency properties of the LSMO/PLCT structure are degraded. The magnetoresistance of the PLCT/LSMO structure was measured and the results show that the metal-insulator transition temperature is lower than that of the LSMO/SiO 2 /Si structure. Furthermore, the magnetoresistance at 77 K and at the transition temperature for the PLCT/LSMO structure is higher than that of the LSMO/SiO 2 /Si structure. These effects can be explained by the piezoelectricity of the PLCT film deposited on the LSMO layer. In addition, these effects demonstrate that the ferromagnetic properties can be controlled by the ferroelectric properties of the multilayer films. Ferroelectric ͑Pb, La͒͑Ca, Ti͒O 3 ͑PLCT͒ thin film is one of the technologically important materials for applications in piezoelectric, pyroelectric, and ferroelectric devices. They have many unique characteristics such as a high dielectric constant, a low operating voltage, and a low leakage current.
The magnetic characteristics of these thin films having been used for planar and/or perpendicular magnetic recording in magnetic media. 3 In the last two decades, the electronic transport properties in magnetic layered structures and, in particular, the effects related to the polarization of the conduction electrons have stimulated a continued interest in the scientific community. 4 The ferromagnetic film, La 0.67 Sr 0.33 MnO x ͑LSMO͒, exhibits the giant magnetoresistance effect at low magnetic fields. The most promising application for films with this effect is for the magnetoresistive readback heads used in magnetic storage technology. 4 Both the PLCT and the LSMO films have the same perovskite crystal structure, a similar lattice constant and similar thermal expansion coefficients. 5 Because of these excellent properties, it is possible to make a novel device with PLCT/ LSMO multilayers. 5 The strain of the PLCT will then affect the electromagnetic properties of the LSMO layers. However, very limited research has been reported in this area. 5, 6 This letter reports the fabrication of multilayer PLCT/ LSMO films and their resultant ferroelectric or ferromagnetic properties.
A kind of p-type Si͑100͒ wafers with a resistivity about 5-9 ⍀ cm was used as substrates. the SiO 2 layer, a layer of Pt/Ti ͑bottom electrode͒ was added via evaporation. A layer of PLCT film was further deposited on the bottom electrode by metalorganic deposition ͑MOD͒. The layers were then annealed at 700°C. After anneal, each located sample was cut into two pieces: one was coded S1, and the other coded S2. A layer of LSMO film was then added to sample S2 by the MOD, and this sample was annealed at 700°C. Parallel, a layer of LSMO film was coated on a SiO 2 /Si(100) substrate using the MOD. The coated sample was then annealed at 700°C. This sample was also cut into two pieces: one was designated as S3, and the other, S4. A layer of PLCT film was further deposited on the sample S4 using the MOD. The sample was also annealed at 700°C. In those samples, the thickness of PLCT and LSMO films were about 300 and 120 nm, respectively.
For samples S1 and S2, the ferroelectric frequency was measured by frequency spectrometer. For S3 and S4, the magnetoresistance ͑MR͒ measurements were carried out using a standard four-point dc setup at different temperatures. In addition, the crystal structures of all samples were measured with x-ray diffraction ͑XRD͒.
The XRD spectra of the four samples are shown in Fig.  1 . The spectra of PLCT ͑sample S1͒ and LSMO ͑sample S3͒ show that a high peak corresponding to a ͗202͘ orientation is present at about 33. The x-ray wavelength used is 0.1542 nm. Using the peak at ͗202͘, the lattice constants of LSMO and PLCT films have been determined which are 0.3842 and 0.3940 nm, respectively. It shows that the lattice constant of the LSMO films are almost the same as that of the LSMO bulk samples. 7 The lattice mismatch between PLCT and LSMO is about 2.52%. These data show that the lattice constant of LSMO is similar to that of PLCT.
In Fig. 1 , the lattice constant of the PLCT film in sample S2 is about 0.3919 nm. The difference of lattice constants of PLCT films in S1 and S2 is around 0.53%. This shows that the LSMO layer at the top of the PLCT film induces very small additional strain in the PLCT film.
Referring to the peak ͗202͘ of S4, the lattice constant of the PLCT film is calculated. This value is the same as that of S1. This result means that the PLCT film deposited on LSMO buffer layer has the same strain as that deposited on Pt buffer layer. The lattice constant of the LSMO film is 0.3839 nm. Therefore, the difference of the lattice constants of LSMO films between S3 and S4 is about 0.08%. Comparing the difference of lattice constants between PLCT with LSMO layers, the lattice constant of PLCT or LSMO film changes little in the samples, as do the buffer layers for the lattice constants in the top layers of samples.
The ferroelectric properties of S1 and S2 measured are shown in Fig. 2 . The capacitance-frequency (C -F) and loss tangent frequency (tan ␦-F) of sample S1 are better than that of S2. The MR of sample S2 was also measured. The results indicate that the MR effect does not exist in the sample and the LSMO layer is only a normal dielectric layer. In this case, the dielectric constant and tan ␦ not only represent the effects in the PLCT layer, but also indicate the total effects in the PLCT and LSMO layers. In other words, the ferroelectric properties of the PLCT film are influenced by the LSMO film in sample S2.
The MR effect of samples S3 and S4 was measured at a temperature range of 77-325 K and is shown in Fig. 3 . The direction of magnetic field (H) is parallel to the film surface and its value is about 0.8 T measured. For S3, the metalinsulator transition temperature (T c ) is about 232 K. This value is lower than the reported value for some LSMO bulk materials. 8 The MR decreases with increasing temperature. At a temperature of 77 K and T c for S3, the MR is 11.3% and 4.97%, respectively. For S4, its T c is about 167 K and the value is lower than that of S3. At 77 K and T c for S4, the MR is 20.5% and 12.9%, respectively. These values are higher than that of S3 so these results should contain the effect of the PLCT material in S4.
It has been reported that in the thickness range of 0.5-2.0 m, the piezoelectric coefficients of the ferroelectric films increase with increasing film thickness. 9 As the thickness is beyond 100 nm, the misfit induced strain decreases slowly with increasing film thickness. Therefore, the thickness of the PLCT film fabricated in this study is about 0.3 m, at which the misfit strain is almost a constant and only the piezoelectric effect needs to be considered. 10 For the magnetic films with a thickness ranging from 10 to 400 nm, both the Curie and the peak resistivity temperatures increase with increasing film thickness. Strain relaxation occurs at a thickness of 50-75 nm. In order to avoid this effect, the thickness of LSMO used in this study is controlled at around 120 nm. 11 It has been reported that the magnetic properties can be controlled by an electric field applied to the LSMO layer. 5 The electric field can be generated by a PLCT layer added to a LSMO layer. Because of a small lattice mismatch at the interface of PLCT and LSMO layers, there must be a piezoelectric effect in the PLCT layer. Therefore, some charges will be generated at the interface. It is similar to a gate voltage which is applied to the LSMO layer. This gate voltage changes carrier density in the LSMO layers. 5 It is well known that the resistance of the ferromagnetic layer depends on its carrier density. It has effectively proved that the PLCT layer can affect the properties of LSMO layers.
In summary, we have fabricated LSMO/PLCT and PLCT/LSMO multilayer films with the MOD method. The ferromagnetic properties can be controlled by the ferroelectric properties of the films. The LSMO/PLCT structured films exhibit ferroelectric properties, while the PLCT/LSMO structured films exhibit ferromagnetic properties. Compared with PLCT/Pt structure, the capacitance-frequency and tan ␦ frequency of the LSMO/PLCT structure are degraded. For the PLCT/LSMO structure, its T c is lower than that of LSMO/SiO 2 /Si(100) structure. However, the values of MR at 77 K and at the T c for the PLCT/LSMO structure are higher than that of LSMO/SiO 2 /Si(100) structure. These effects can be explained by the change of the piezoelectricity of the PLCT film on the LSMO layer.
